A cost-effective, high-throughput, and high-yield method for the efficiency enhancement of an optical mouse lighting module is proposed. We integrated imprinting technology and free-form surface design to obtain a lighting module with high illumination efficiency and uniform intensity distribution. The imprinting technique can increase the light extraction efficiency and modulate the intensity distribution of light-emitting diodes. A modulated light source was utilized to add a compact free-form surface element to create a lighting module with 95% uniformity and 80% optical efficiency.
Introduction
Recently, GaN light-emitting diodes (LEDs) have attracted plenty of interest due to their favorable characteristics, such as high flux efficiency, reliability, low power consumption, long life, and environmental friendliness [1, 2] . These LEDs have already been extensively adopted in several practical applications, for example as backlight light sources for flat panels, in mobile projectors, for street lighting, traffic signals, automotive lighting, and general lighting [1, 2] . However, the ratio of refractive index between GaN (n 2.5) and air (n 1.0) is 2.5, which causes considerable photons to be trapped inside the GaN chip due to the total internal reflection (TIR), where they are then absorbed and converted into heat. Fortunately, the external quantum efficiency of GaN-based LEDs can easily be improved by enhancing the escape probability of the trapper photons. Methods that can increase the external quantum efficiency include reducing the surface roughness [3] , utilizing photonic crystals [4] , patterning the sapphire substrate [5] , and imprinting techniques [6, 7] . These methods introduce a relative roughness interface between the air and the LED chip so that the opportunity for photons to escape from inside the GaN chip increases.
Agilent was the first company to develop an optical mouse with an LED light source. The conventional LED mouse optical module included two subparts. One was the image subpart, which consisted of an imaging lens and a complementary metal-oxide semiconductor (CMOS) sensor, and the other the illumination path. The imaging lens constructed a conjugation relationship between the CMOS sensor and the active area. Following the illumination path, the illumination lens would collect the light emitted from 1559-128X/12/152834-08$15.00/0 © 2012 Optical Society of America the LED chip, simultaneously homogenizing the distribution of the illumination over the active area. The illumination lens also converted the incident angle of the emitting light so that it impinged on the illuminated area from 17°to 22°for the production of a high-contrast image [8] . In a conventional illumination lens, the double TIR and three exit facets were adopted to produce a homogenized illumination distribution throughout the active area [9] . However, there is decay in the reflection efficiency when the double TIR surface is contaminated by dust or particles. Moreover, the double TIR mechanism limits the angle of ray propagation and reduces the total optical efficiency of the illumination lens to less than the manufacturer's recommended tolerance [10] . Another characteristic of the conventional illumination lens is the un-uniformity on the active area. In a conventional illumination lens, the double TIR condition is utilized to produce a virtual image. The design of the three exit facets ensures that the virtual images are superimposed on the illuminated surface [11] . However, the uniformity produced by the illumination lens is only about 65%; moreover, the three exit facets also produce three hot spots that reduce the illumination uniformity. There is an additional loss of optical efficiency owing to the two hot spots outside the conjugation area of the image sensor. A reduction in the efficiency loss and increase in the uniformity both lead to improved performance of the illumination lens for adoption in the optical mouse.
In this study, we demonstrate a novel method that satisfies both demands for an illumination lens for the optical mouse. The imprinting technique introduced after the chip fabrication process helps to increase the light extraction efficiency of the LED by 14% and modulates the near-field pattern at the chip level to match the peak intensity of 22°needed for optical mouse applications. Furthermore, a corresponding optical element designed for a free-form surface is also integrated with the imprinted LED chip to optimize the illumination of the lens. The uniformity on the illuminated surface was raised to 95% after removal of TIR loss and three hot spots. Most important of all, both the imprinting technique and the free-form illumination lens are cost-effective, having the high throughput, compact size, and high yield needed for mass production. Finally, the novel design for free-form surface illumination was fabricated and tested. All optical performance results were consistent with the optical simulation results. Clearly, the novel illumination system offered improved illumination efficiency and image contrast.
Imprinting and Chip Process
The intensity pattern of the planar LED chip has the characteristics of a Lambertian light source: a peak intensity located in a direction normal to the lighting surface, and a half intensity at 60°relative to the normal axis [12] . The structure imprinted on the planar LED chip surface cause a shift in the Lambertian properties.
The chip fabrication process included mesa definition and etching, the addition of a transparent conductive layer (TCL) and depositioning of the Cr-Au electrode pad [13] . After the chip fabrication process, a Si mold and spin-on-glass (SOG) were used to fabricate a one-dimensional (1D) grating structure on the top of the TCL. The period of this grating structure was 6 μm with a filling factor of 0.5, and the height was about 385 nm. Figures 1(a) and 1(b) show the optical microscopic (OM) and atomic force microscopic images of the LED chip with the imprinted structure. The imprinted structure, as depicted in Fig. 1(c) , has a serrated profile with an asymmetrically blazed structure. The blazing structure has two different angles, 10°and 50°, between eachsidewall and the bottom surface.
Electrical and Optical Performances
The results of the electric performance of the imprinted and planar LED chips are shown in Fig. 2 . Figure 2 (a) shows the applied voltage versus current (I-V) curve measured in the probe stage. The forward voltage of the imprinted LED was 3.4 at a current of 20 mA, similar to that of the planar LED. Although the imprinting process provided a high temperature and pressure environment, the electrical properties of the LED chip were not affected by the imprinting process. Even with an additional pressing and annealing processes, the forward voltage remained at 3.4 V. Figure 2 (b) shows the injection current versus output power (L-I) curve measured by an integral sphere. Figure 2 (b) indicates an enhancement in the output power of 14% for the imprinted LED, compared with that of the planar LED at an input current of 20 mA. The enhancement in the output power was a result of the insertion of medium index material and surface roughness. The indexes were gradually changed effectively by the insertion of an SOG surface texture layer, because the refractive index of the SOG was 1.5. As a consequence, there was a reduction in light trapping from Fresnel loss. The other reason for the light output enhancement was due to the enhancement of escape probability of trapped photons by the imprinted surface texture. Near-field measurement of the LED chip is used to obtain the near-field intensity distribution [14] . Figure 2 (c) shows the intensity distribution results from 1D blazed grating LED chips with scanning angles of 180°, −180°, and 90°to the imprinted grating period. The imprinted LED shows a non-Lambertian light with a shift in the peak intensity in both the 180°and −180°scanning direction. Consequently, when the scanning direction is 90°, a Lambertian-like pattern, like that of a planar LED chip, is presented.
Optical Design and Simulation
There are many different technologies used in this field for moving sensing applications, especially to meet the specifications for an LED optical mouse [9] . The image contrast is affected by the incident angle between the light source and the illuminated surface. Generally, the best incident angle is around 17°to 22° [8] . A conventional illumination lens has three functions: first, collection of the emitting light; second, homogenization of the light distribution; and third, control of the incident angle in the active area. In this study, the incident angle is controlled by the blazing grating fabricated on the LED chip surface. The illumination lens is designed to enhance the illumination homogenization and the collection efficiency.
In order to attain these two goals, we use a free-form surface (FFS) with compact size. The Advanced System Analysis Program (ASAP) blazer curves are adapted to construct the free-form surface, which can be described as an m by n tensor product Pu; v, as shown in Eq. 1 [15] . Bernstein
are used to control the surface normal vector of each local unit surface of the free-form surface. Then we can modulate the local ray impinging on the local unit surface of the free-form surface to the active area on the illumination surface. In order to obtain the two aforementioned goals, two kinds of FFSs are used to homogenize the illumination distribution and collect the emitted light [16, 17] . They are shown in Fig. 3 . The radiation pattern from the LED chip with the imprinted microstructure can be divided into two regions by the optical axis. In our system, the optical axis is set as the z global axis. One region is under the optical axis with the peak intensity, and the other is above the optical axis. The four FFSs can also be divided into two parts. One part has two green surfaces for collecting the intensity distribution underneath the optical axis and homogenizing the illumination distribution on the target area. The two green surfaces are symmetrical with the z-x plane owing to the 1D blazing grating. The green surface consists of 7 × 13 control points and weight factors for m 6 and n 12. The other part is marked by two red surfaces for collecting the light above the optical axis and homogenizing the illumination distribution on the illuminated area. The two red surfaces are also symmetrical with the z-x plane owing to the 1D blazing grating. The red surface consists of 7 × 13 control points and weight factors for m 6 and n 12. The green and red FFSs with control points for the two regions are shown in Figs. 3(a) and 3(b) .
Owing to the division of the illumination system into two FFSs, there are also two optical paths. Along the first optical path, the emitting ray passes through the green surface and then impinges on the active area. The rays coming from the first optical path comprise the main intensity controlled by blazed grating. First, the merit function is used to calculate 7 × 13 control points and 7 × 13 weight factors for the green surface with uniformity and the peak intensity angle. The green surface is the common surface for the two optical paths; thus, we designed this surface first. After finishing the green surface, the other surface was designed. The other free-form surface controls only the second optical path, which is comprised of emitted rays collected by the red surface, then passing through green surface, until finally impinging on the active area. In the second step, the 7 × 13 control points and 7 × 13 weight factors of the red surface are also calculated. Two sets of control points and weight factors are used in the merit function to modulate the green and red FFSs to control the emitted light. The merit functions adopted in this paper are the uniformity and the peak intensity at 22°on the illuminated surface (1 mm × 1 mm active area with black rectangle) as follows: For the peak intensity in the active area:
when θ 22°. For uniformity in the active area (1 mm 2 area):
For the total optical efficiency:
For the angle space at the active area, we obtained the intensity distribution function of Tθ, so as to find the peak intensity T max θ. The merit function was used to control the two sets of control points and the weight factors to locate the peak intensity at 22°in the active area. In other words, the peak intensity was 68°with the surface normal of the active area. To find the spatial intensity distribution over the active area, we divided the active area into a p by q mesh with both p and q being integers. Each mesh had local irradiance I p;q . The I cen is the irradiance of the mesh at the center of the active area; the I ave is the average irradiance at the active area. W total is the total power emitted from the LED chip. The optimization process is divided into three main steps. In the first step, we try to simplify the LED source by using point source. The angle distribution of the point source is apodizated by the distribution function shown in Fig. 2(c) . By using this simple light source, we can calculate the start point and end point for each local unit surface of green surface. After the first step, we calculate only the start point and end point for the free-form surface. The control point is set at the middle of the start point and the end point for each local unit surface. The weight factor is 1 for all local unit surfaces. With the optimization condition at this step, we only use Eq. (2) to get the correct angle distribution and the peak intensity angle.
In the second step, we try to add eight point sources with apodization at the x-y plane by three times. The first time, we add the two points at (0.1, 0) and −0.1; 0, then do the optimization process with only the start point and end point for each local unit surface. The second time, we add the two points at (0, 0.1) and 0; −0.1 then do the optimization process with only the start point and end point for each local unit surface. The final time, we add the four points at (0.1, 0.1), −0.1; 0.1, −0.1; −0.1, and 0.1; −0.1 and then do the optimization process with only start point and end point for each local unit surface. With the optimization condition, we use Eqs. (2) (3) (4) to get the correct angle distribution and uniformity distribution with high efficiency.
In the third step, we try to use the extended light source (0.2 mm × 0.2 mm) with apodization to replace the night point sources. We still optimize the start point and end point once again. Then we use the control point and weight factor to do the optimization and freeze all parameters of the start point and end point of all local unit surfaces. Finally all parameters, including start point, end point, control point, and weight factor, were used to do the optimization with feedback function for uniformity. The feedback times are eight in optimization code [18] .
The final optimization results for the four FFSs are shown in Fig 4(a) . A representation of the ray tracing of the four FFSs is shown in Figs. 4(b) , 4(c), and 4(d). The energy distribution and radiant intensity distribution at the illuminated surface are shown in Fig 5. The incident angle at the peak intensity is 68°with the normal vector of the illuminated surface. A highcontrast image is obtained with the image lens with this incident angle [8] . The uniformity at the active area (1 mm × 1 mm active area with back rectangle) is 95%. The optical efficiency is 80%. The results of a comparison of our design with the conventional design are shown in Table 1 . An examination of the table shows that we get better performance in terms of optical efficiency, uniformity, and compact size with our device. The tolerance is the key manufacturing issue for optical systems. We also compared the two systems for LED misalignment issues for mass production. The results are shown in Table 2 . The optical efficiency and uniformity of our design was better than that of the traditional design. We proposed a highly efficient and compact volume optical motion sensor. Even under the worst alignment conditions, the optical performance of our device was better than that of the conventional system. Finally, a working sample of the novel free-form surface lens was finished, as shown in Fig. 6(a) . An optical mouse was assembled as well. A CMOS camera was used to capture the illumination distribution. The illumination distribution is shown in Fig. 6(b) . The simulation results for the illumination distribution are consistent with the CMOS picture. The CMOS sensor intensity showed the intensity to be enhanced 1.9 times over that of the conventional illumination system. The result is also similar to the tolerance analysis. In a word, the novel free surface system is better than the traditional illumination system.
Conclusions
In this study we applied a cost-effective, highthroughput, and high-yield imprinting technique for fabrication of an LED chip. The imprinted layer not only increased the light extraction efficiency of the LED chip by 14%, but also modulated the farfield pattern on the chip level. A tilted intensity distribution was achieved by using this imprinted layer. Furthermore, the corresponding free-form surfaces were designed for an optical mouse application. The uniformity at the illuminated surface was 95%. The optical efficiency was 80%. The characteristics of the four free-form surfaces included the compact size, low fabrication cost, and the total internal reflection loss was excluded in our lighting module. The imprinted LED and optical element design are integrated to obtain an illumination system with a higher optical efficiency, more uniform intensity distribution, and more compact size. Finally, a sample of the novel free-form surface illumination system was finished and tested. The test results show a performance very similar to the simulation results.
